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1 Resource Characterization of Sites in the Vicinity of 2 an Island near a Landmass3 Alberto Pérez-Ortiz1a, Alistair G. L. Borthwick2, James McNaughton3, Helen C. M. Smith4 and Qing 4 Xiao55 1 Industrial Doctoral Centre for Offshore Renewable Energy. Graduate School of Engineering, 6 The University of Edinburgh, The King’s Buildings, Faraday Building, Edinburgh, EH9 3JL, UK. 7 2 Institute of Energy Systems. The University of Edinburgh, The King’s Buildings, Edinburgh, 8 EH9 3JL, UK.9 3 General Electric Renewable Energy. 214 Castlemead, Lower Castle Street, Bristol, BS1 3AG, UK.10 4 College of Engineering, Mathematics and Physical Sciences, University of Exeter, Penryn 11 Campus, TR10 9FE, Penryn, UK.12 5 Department of Naval Architecture, Ocean and Marine Engineering, University of Strathclyde, 13 G4 0LZ, Glasgow, UK.  
14 Abstract15 Renewable energy technologies are undergoing rapid development, the global aim being to 16 achieve energy security and lower carbon emissions.  Of marine renewable energy sources, tidal 17 power has inherent predictability and large theoretical potential, estimated to exceed 8,000 18 (TW.h)a-1 in coastal basins.  Coastal sites in the vicinity of an island near a landmass are prime 19 candidates for tidal stream power exploitation by arrays of turbines.  This paper characterizes 20 numerically the upper limit to power extraction of turbines installed at such sites.  It is 21 demonstrated that the maximum power extracted from the strait is generally not well 22 approximated by either the power dissipated naturally at the seabed or the undisturbed kinetic 23 power of flow in the strait.  An analytical channel model [C. Garrett and P. Cummins, “The power 24 potential of tidal currents in channels,” Proc. R. Soc. A Math. Phys. Eng. Sci., vol. 461, no. 2060, 25 pp. 2563–2572, Aug. 2005] provides lower predictions than the present numerical model of 26 available power in the strait due to the analytical model not accounting for changes to the 27 driving head resulting from power extraction and flow diversion offshore of the island.  For 28 geometrically long islands extending parallel to the landmass, the numerically predicted 29 extracted power is satisfactorily approximated by the power naturally dissipated at the seabed, 30 and there is reasonable agreement with the estimate by the channel analytical model.  It is found 31 that the results are sensitive to choice of boundary conditions used for the coastlines, the eddy 32 viscosity, and bed friction.  Increased offshore depth and lower blockage both reduce the 33 maximum power extracted from the strait.  The results indicate that power extracted from the 34 site can be maximum if extraction is implemented both in the strait and offshore of the island.  35 Presence of the landmass and increasing island dimensions both enhance power extraction.  
36 Keywords37 Tidal Energy; Resource Assessment; Numerical Modelling; Strait; Island; Landmass








































1 channel. The model predicts that the maximum average power available is greater, for a short 2 channel carrying a strong current, and lower, for a long channel carrying a slower current, than 3 the average undisturbed kinetic power through the most constricted cross-section of the 4 channel.  In addition, the model predicts that at maximum power extracted, the flow through the 5 channel is reduced to 57.7% of the flow in undisturbed conditions.  Draper et al. [11] assessed 6 the limits to power extraction in the Pentland Firth, a strait located between the north coast of 7 Scotland and the geometrically long and wide Orkney Islands, and found the results to agree 8 with the power extraction predictions by GC2005.  Agreement between numerical results and 9 GC2005 model was also found by Sutherland et al. [12] for the Johnstone Strait, located between 10 the geometrically long Vancouver Island and the west coast of Canada.  The potential of a 11 channel linking an infinite ocean basin to an enclosed bay has been analysed analytically by 12 Garrett and Cummins [13] and  Blanchfield et al. [6].  Numerical results by Draper [8] compared 13 favourably to predictions by Blanchfield et al. [6] for an isolated bay.  Draper et al. [14] analysed 14 the potential of an array deployed near an idealised headland and the effects of power 15 extraction by the array on the environment.  The potential of the array was generally not well 16 approximated by either the local undisturbed power or the power naturally dissipated by the 17 seabed.  Serhadlıoğlu et al. [15] obtained similar findings in their assessment of power 18 extraction off the Anglesey Skerries, north-west of Wales.  The coastal site defined as a strait 19 between an island and a semi-infinite landmass may be sub-classified as follows: island of 20 similar length and width in the vicinity of a landmass; isolated offshore island; island that is 21 geometrically long and/or wide in the vicinity of a landmass; and isolated offshore multi-island 22 system. Draper [8] numerically investigated the potential of a strait between a long and wide 23 island and a landmass, and found that the maximum averaged power extracted was not well 24 approximated by the GC2005 channel model.  The disparity in the results arose from changes in 25 the driving head induced by power extraction, with minimal bypass flow offshore of the island.  26 Limits to power extraction in multiple-channel coastal sites can also be assessed through an 27 electrical circuit analogy, whereby the head driving the flow is represented by an alternating 28 voltage, the flow is represented by the electric current, and bed friction and turbines correspond 29 to non-linear resistances [8].  The electrical analogy theory has been employed by Draper et al. 30 [16] to assess the resource of the Pentland Firth, located between north coast of Scotland and 31 the Orkney Islands, and by Cummins [17] to investigate the power potential of a split tidal 32 channel.33 Coastal sites categorized as a channel linking two infinite ocean basins could also be categorized 34 as a strait between an island and landmass.  This paper analyses numerically the limits to power 35 extraction at idealised sites in the vicinity of an island near a landmass by means of a sensitivity 36 analysis, and explores under which conditions the flow dynamics in the strait behave similarly 37 to that in a channel linking two infinite ocean basins.  This paper is structured in four sections.  38 Section 2 details the methodology employed in the analysis of the coastal site.  Section 3 39 presents the analysis and discussion of the island-landmass coastal site.  Section 4 summarises 40 the conclusions.




















1 2.1 Numerical Model2 This study is carried out using the finite element numerical code Fluidity [20] which solves the 3 non-conservative form of the shallow water equations:
∂𝜂
∂𝑡 + ∇ ∙ (ℎ𝑢) = 0 1)
∂𝑢
∂𝑡 + 𝑢 ∙ ∇𝑢 + 𝑔∇𝜂 + 𝐶𝑑|𝑢|𝑢ℎ = 0 2)4 where η is the elevation of the free surface above mean water level,  is the horizontal velocity 𝑢5 vector, t is time,  is the horizontal gradient vector, h is the total water depth, g is the  ∇6 acceleration due to gravity, and Cd is the bottom drag coefficient. The model setup follows 7 guidelines for coastal and tidal power extraction modelling provided by the Fluidity developers 8 [21] [22].  Based on results from Cotter et al. [20] for large-scale ocean applications solving the 9 SWE, a mixed finite element discretization scheme P1DGP2 is employed, which is linear 10 discontinuous Galerkin for velocity and quadratic continuous Galerkin for pressure. The 11 backward Euler scheme is employed to temporally discretise the momentum equation [23].  12 Velocity and pressure fields are resolved using a Generalised Minimal Residual Method (GMRES) 13 solver with a Successive Over-Relaxation (SOR) pre-conditioner [21].  The tolerance in the 14 absolute error solution and maximum number of iterations are specified as 10-7 and 1,000 15 respectively for both pressure and velocity fields.  16 2.2 Model Parameterization17 Figure 1 depicts the coastal model parameters.  The model domain is defined by five boundaries: 18 open boundaries Γ1 and Γ4 at the east and west limits of the domain; a solid boundary Γ2 in the 19 north; a solid boundary Γ3 in the south corresponding to the semi-infinite landmass; and a solid 20 boundary Γ5, corresponding to the island. Boundaries Γ3 and Γ5 define the strait. 




















𝜈𝑡 = 𝑘6[𝐶𝑑(𝑢2 + 𝑣2)]1/2ℎ 3)1 where k = 0.41 is the von Kármán constant, u and v are the stream-wise and transverse velocity 2 components.  3 Unless otherwise stated, the water depth ho in the domain is fixed at 40 m in the stream-wise 4 direction between (transverse) cross-sections located 0.36L upstream and downstream of the 5 centre of the island.  From cross-sections located 0.36L to 0.43L upstream and downstream of 6 the island’s centre, the water depth is linearly increased from h to 75h in the stream-wise 7 direction, and kept to 75h in the remaining part of the domain.  The increase in water depth 8 near the open boundaries mimics conditions at the edge of the continental shelf.  The deep 9 water zone attenuates reflected long waves from the island and power extraction zone and 10 reflects them back onto the shelf before such waves reach the open boundaries [25].  11 Three scenarios are considered in order to define conditions at the solid boundaries of the 12 island and landmass: a free-slip condition; a no-slip condition; and a non-uniform seabed 13 scenario where the water depth is increased linearly from 0.125ho at the island and landmass 14 boundaries to ho at a distance 0.1Øi away from both solid boundaries, and a free-slip condition is 15 applied to island and landmass. Here, Øi is the diameter of the island in the case where the 16 length of the island Li is the same as its width Bi.  In all scenarios, a free-slip boundary condition 17 is set at north solid boundary Γ2.  Open boundary conditions are prescribed as follows: zero 18 surface elevation at Γ4; and free surface elevation at Γ1 computed for the M2 tidal constituent 19 from: 
𝛿𝑤 = 𝑎𝑜𝑎sin (𝜔𝑡𝑡) 4)20 where a and ωt are the amplitude and frequency of the M2 tidal wave (3 m and 1.41 x 10-4 rad/s 21 respectively).  The parameter ao is used to minimize the formation of perturbations by ramping 22 up the tidal signal over the first two tidal cycles:






































12 Figure 2. Stream-wise flow velocity profile at transverse cross sections at (a) the island centre cross-3 section, and (b) 2Øi east of the island centre.  The model is run with no-slip boundary conditions at island 4 and coastline.  Fluidity predictions for Mesh 3 (solid line), Mesh 4 (dashed line), Mesh 5 (dotted line) and 5 Mesh 6 (dash-dot line).
67 Figure 3. Unstructured spatial discretization: (a) Island in the proximity of a semi-infinite landmass; (b) 8 isolated offshore island; (c) geometrically long island; and (d) geometrically wide island.  A regular biased-9 right isosceles triangles grid is used to delineate the tidal farm




















1 the first two tidal periods the system is ramped up; the following two tidal periods correspond 2 to spin-up of the system; the final three tidal periods are used for resource assessment. 3 3.1 Island in Proximity of a Semi-infinite Landmass 4 First the tidal resource of an island-landmass system is assessed. Then a sensitivity analysis is 5 carried out concerning the impact of changing the friction, eddy viscosity, offshore water depth, 6 blockage ratio, and combined strait-offshore power extraction. The island has dimensions Li = Bi 7 = Øi = 50ho, and is located a distance s = Øi from the landmass. The domain has length L = 70Øi 8 and width B = 20Øi.  The mesh contains 8,027 vertices and 16,054 elements, and a regular grid 9 of 80 biased-right isosceles triangles defines the area where power extraction is implemented, 10 located at the narrowest section of the strait (Figure 3a).  Three scenarios are considered for the 11 boundary conditions (as mentioned in Section 2.2).  Figure 4 presents vorticity contour plots for 12 the three scenarios, at times T/2 and T.  Vortex shedding occurs in the lee of the island for a no-13 slip boundary condition set at the island, and for the non-uniform seabed scenario, but not for a 14 free-slip boundary at the island.
1516 Figure 4. Vorticity contour plots for the free-slip (left), no-slip (centre) and non-uniform seabed (right) 17 scenarios taken at: (a) t = T/2; and (b) t = T.18 Figure 5 shows contour plots of the speed and kinetic power density, computed from the 19 stream-wise and transverse velocity components, averaged over three tidal cycles, obtained for 20 the free-slip scenario.  Higher velocities and consequent kinetic power densities are predicted to 21 occur in waters to the immediate south and north of the island. 




















1 kinetic power in the strait  with the tidal farm present; and power extracted from the flow by 𝑃𝑘2 the tidal farm .  There is a clear disparity in the predictions between the three scenarios 𝑃𝑒3 evident in the kinetic and extracted power plots.  The discrepancy in results between the free-4 slip and no-slip scenarios may be explained by flow separating at the island in the no-slip 5 scenario.  The no-slip and free-slip scenarios may represent upper and lower bounds to power 6 extraction in the strait, with the value of power extracted for the non-uniform seabed scenario 7 falling in-between the values for the no-slip and free-slip scenarios.  No clear relationship is 8 found between the maximum  in the strait and .  For the no-slip scenario, the results 𝑃𝑒 𝑃𝑠9 indicate that maximum power extracted could be approximated by ; however this is not the 𝑃𝑘𝑜10 case for the free-slip and non-uniform seabed scenarios.  Rates of decrease of  are higher for 𝑃𝑘11 the free-slip and non-uniform seabed scenarios than for the no-slip scenario at low extraction 12 levels kf < 0.5, but they are relatively similar when kf  > 0.5.



















1 due to power extraction in the strait.  The ratios  at maximum  are equal to 1.21, 1.09 𝑄 𝑄𝑜 𝑃𝑒2 and 1.14 for the free-slip, no-slip and non-uniform seabed scenarios respectively.
34 Figure 7. Changes in ratio of actual to undisturbed volumetric flow rate for free-slip (black), no-slip (red), 5 and non-uniform seabed (green) scenarios at different levels of power extraction.  Volumetric flow rates 6 are calculated across the tidal farm (solid line) and through a cross-section of identical length at the 7 offshore side of the island (dashed line).  Markers indicate output data from the numerical model.8 Analysis of Figure 6 and Figure 7 reveals that the volumetric flow rate through the strait at 9 maximum power extracted is reduced to a range between 60-40 % of  for the three scenarios, 𝑄𝑜10 which approximates reasonably well to the 57.7 % volumetric flow rate predicted by GC2005 11 and Bryden and Couch [29].




























































1 offshore is set to ho and 4ho.  No changes are observed in  and , implying that increase in 𝑃𝑘𝑜  𝑃𝑠2 water depth offshore does not alter the main undisturbed flow conditions in the strait.  3 However, when the water depth is increased from ho to 4ho offshore,  decreases at a higher 𝑃𝑘4 rate for the same kf level and maximum  decreases from 180 MW to 130 MW.  Increase in 𝑃𝑒5 water depth offshore of the island reduces resistance to the flow in the offshore path, leading to 6 higher bypass flow rates when extraction level in the strait is increased.  This observed 7 reduction in maximum  highlights the need for tidal site developers to have a detailed 𝑃𝑒8 understanding of the effect of far-field bathymetry on power extraction by a tidal farm. 




















𝑘𝑓 = 𝑁𝑇(𝐶𝑇𝐴𝑇 + 𝐶𝐷𝐴𝑆)2𝐴𝑓 6)1 where AT and AS are respectively the projected area of the rotor and support structure (AS = 2 0.1AT) of a 1 MW power-rated PR tidal turbine with 20 m diameter rotor; CT and CD are the thrust 3 and drag turbine coefficients (assumed constant and equal to 0.8 and 0.9 respectively).




















1 domain from the northern limit of the island, and is located at the same stream-wise coordinates 2 as the farm in the strait.  The addition of the offshore farm increases blockage of the domain by 3 50 %; however, no effect on the resource assessment is expected because of the large width of 4 the domain.  The averaged power generated by the farm  is computed from the local 𝑃𝑇5 velocities and the following CP function (based on the turbine described in Section 3.1.3): 
𝐶𝑃 = { 0 if 𝑈 < 𝑈𝐶0.4 if 𝑈𝐶 ≤ 𝑈 ≤ 𝑈𝑅2𝑃𝑅
𝜌𝐴𝑇𝑈
3 if 𝑈 > 𝑈𝑅   7)6 with cut-in speed UC of 1m/s and rated speed UR of 2.5 m/s.  7 Based on NT and PR, the capacity factor CF of the tidal farm during the three tidal cycles is 𝑃𝑇,  8 computed from:
𝐶𝐹 = 𝑃𝑇𝑁𝑇𝑃𝑅 8)9 Table II lists the three-tide-period-averaged parameters, , farm CF, velocity deficit  and 𝑃𝑇 𝑈 ∗𝑜10 kinetic power deficit  , for six power extraction scenarios at the strait and offshore side of the 𝑃 ∗𝑘11 island.  Values of  and CF obtained in the strait or offshore side of the island are similar for the 𝑃𝑇12 same kf value. When kf = 0.14 is applied both in the strait and offshore of the island (Scenario 5), 13 there is a 50 % increase in  compared to Scenarios 1 and 3 where kf = 0.28 is applied solely at 𝑃𝑇14 one side of the island, in agreement with the lower  and  also evident for Scenario 5. 𝑈 ∗𝑜 𝑃 ∗𝑘15 Similar results are observed when comparing results from Scenario 6 with kf = 0.28 applied to 16 both sides of the island, against those from Scenarios 2 and 4.  The data listed in Table II indicate 17 that power generation in an island-landmass system may be optimized if considered as a two 18 flow path problem, although complex bathymetry and flow conditions may require numerical 19 optimization. 20 Table II. Extraction levels kf and equivalent number NT of turbines in the strait (S) and offshore side (O) of 21 the island.  The table lists values for the (three-tide) period-averaged array power generated , tidal farm 𝑃𝑇22 capacity factor CF, percentage decrease in mean strait velocity , and percentage decrease in mean 𝑈 ∗𝑜23 kinetic power .𝑃 ∗𝑘
Scenario 1 2 3 4 5 6
Island 
Side
S O S O S O S O S O S O
kf 0.28 0 0.56 0 0 0.28 0 0.56 0.14 0.14 0.28 0.28
NT 160 0 320 0 0 160 0 320 80 80 160 160[MW]𝑃𝑇 35.5 n.a. 47.2 n.a. n.a. 35.3 n.a. 48.5 27.9 25.8 50.0 46.9




















1 3.2 Isolated Offshore Island2 This section assesses the limits to power extraction in the vicinity of an isolated offshore island 3 of dimensions Li = Bi = 50ho, centred midway across the domain in the transverse direction, at a 4 distance s = 9.5Øi from the landmass.  The computational mesh has 7,341 vertices and 14,682 5 elements (Figure 3b).  Power is extracted south of the island over a rectangular area, of the same 6 dimensions Lf x Bf as the farm in the strait of the island-landmass system, and extending south 7 from the southern limit of the island.  Both free-slip and no-slip scenarios are considered for the 8 island, and the north and south domain limits are defined as free-slip boundaries. 9 Figure 12 compares the three-tidal-period-averaged ,  ,  and  profiles with kf for the𝑃𝑘𝑜  𝑃𝑠 𝑃𝑘 𝑃𝑒10 free-slip and no-slip scenarios.  As for the island-landmass system, both free-slip and no-slip 11 scenarios may represent lower and upper bounds to  in the vicinity of the island.  There is no𝑃𝑒12 evident relationship between maximum  and  or . For no-slip, the maximum  is 17 %𝑃𝑒  𝑃𝑠 𝑃𝑘𝑜 𝑃𝑒13 lower than that reached in the island-landmass case, indicating that the presence of the 14 landmass benefits power extraction from the coastal site.  As in the island-landmass system, the 15 rate of decrease of   at kf < 0.14 is higher for the free-slip than for the no-slip condition.  The𝑃𝑘16 ratios  at maximum  are equal to 1.19 and 1.05 for the free-slip and no-slip scenarios𝑄 𝑄𝑜 𝑃𝑒17 respectively, indicating similar dynamic behaviour to the island-landmass system.




















1 stream-wise direction). Figure 13 plots the three tidal period-averaged power parameters, ,𝑃𝑘𝑜  2  ,  and , obtained for the free-slip and no-slip scenarios when kf is increased from 0 to 18.  𝑃𝑠 𝑃𝑘 𝑃𝑒3 The larger seabed footprint covered by the island explains why  is three times greater than  𝑃𝑠4 .  Maximum  is higher for free-slip than no-slip conditions.  For the no-slip condition, 𝑃𝑘𝑜 𝑃𝑒5 maximum  is 95 % higher than for the island-landmass system, owing to the larger seabed 𝑃𝑒6 footprint of the strait. The results indicate that  may provide a good approximation to 𝑃𝑠7 maximum  in the strait.  Both free-slip and no-slip scenarios present similar decay rates of  𝑃𝑒 𝑃𝑘8 with power extraction.  




























































12 Figure 16. Flow driving head between the entrance and exit of the strait for the free-slip scenario of a 3 geometrically wide island: no power extraction (solid line) and high extraction level kf = 2.24 (dashed line) 4 at the strait.



















1 The maximum power extracted from the strait reduces as the blockage decreases; this occurs 2 because two additional bypass flow routes in the strait are available: one between the array and 3 island; the other between the array and landmass.   Bypass flow routes in the strait are relatively 4 shallow, increasing flow resistance.  A blockage ratio of 80 % yields similar maximum power 5 extracted to that of 100 % blockage ratio.  Reduction of strait blockage to 60 %, which included 6 deep regions of the strait, leads to lower maximum power extracted than at the higher blockage 7 values.8 Power generation is similar in the strait and at the offshore side of the island for identical 9 extraction levels.  In this case, the total power generated is higher than for an equivalent 10 extraction level applied solely to one side of the island. Inclusion of power extraction offshore of 11 the island increases flow resistance along the bypass route which lowers bypass flow rates and 12 velocity deficits; this is then converted into higher power outputs generated by the island-13 landmass system. This implies an opportunity for optimal power generation if the island-14 landmass system is considered as a two-flow path problem. 15 Analysis of power extraction off an isolated offshore island reveals that absence of a nearby 16 landmass lowers the maximum power extracted from a coastal site. Maximum power extracted 17 from the strait is found to increase with length and width of the island.18 This study has provided a comprehensive characterization of the limits to power extraction in 19 island-landmass systems, examined differences in estimates of maximum power extracted 20 obtained using the undisturbed kinetic power and the power dissipated naturally at the seabed, 21 and highlighted limitations in the applicability of an analytical channel model to island-landmass 22 systems.  This information should be of particular use to policy makers and tidal developers in 23 preliminary assessment of coastal sites for tidal energy development.
24 Acknowledgements 25 This work was supported by General Electric Renewable Energy with funding from the ETI and 26 the EPSRC through the Industrial Doctoral Centre for Offshore Renewable Energy 27 (EP/J500847/1). The authors would like to thank the Applied Modelling and Computation 28 Group at Imperial College of London for free access to the software Fluidity and their support.  29 The authors would also like to thank Paul Vigars who has provided valuable insight.
30 References







































1 [20] C. J. Cotter, D. A. Ham, and C. C. Pain, “A mixed discontinuous/continuous finite element 2 pair for shallow-water ocean modelling,” Ocean Model., vol. 26, no. 1–2, pp. 86–90, Jan. 3 2009.4 [21] “Fluidity Manual,” Applied Modelling and Computation Group, Department of Earth 5 Science and Engineering, South Kensington Campus, Imperial College London, London, 6 United Kingdom, Version 4.1.10, 2014.7 [22] R. Martin-Short, J. Hill, S. C. Kramer, A. Avdis, P. A. Allison, and M. D. Piggott, “Tidal 8 resource extraction in the Pentland Firth, UK: Potential impacts on flow regime and 9 sediment transport in the Inner Sound of Stroma,” Renew. Energy, vol. 76, pp. 596–607, 10 Apr. 2015.11 [23] J. Donea and A. Huerta, Finite element methods for flow problems. Chichester, UK: John 12 Wiley & Sons, Ltd, 2003, p. 350.13 [24] W. Rodi, Turbulence Models and their Appliation in Hydraulics, 2nd ed. International 14 Association for Hydraulic Research, Delft, The Netherlands, 1984.15 [25] T. A. A. Adcock, A. G. L. Borthwick, and G. T. Houlsby, “The open boundary problem in 16 tidal basin modelling with energy extraction,” in Proceedings of the 9th European Wave 17 and Tidal Energy Conference, 2011, pp. 1–7.18 [26] R. H. Karsten, J. M. McMillan, M. J. Lickley, and R. D. Haynes, “Assessment of tidal current 19 energy in the Minas Passage, Bay of Fundy,” Proc. Inst. Mech. Eng. Part A J. Power Energy, 20 vol. 222, no. 5, pp. 493–507, Aug. 2008.21 [27] R. Vennell, S. W. Funke, S. Draper, C. Stevens, and T. Divett, “Designing large arrays of 22 tidal turbines: A synthesis and review,” Renew. Sustain. Energy Rev., vol. 41, pp. 454–472, 23 Jan. 2015.24 [28] C. Geuzaine and J. Remacle, “Gmsh: A 3D finite element mesh generator with built-in pre- 25 and post- processing facilities,” Int. J. Numer. Methods Eng., vol. 0, pp. 1–24, 2009.26 [29] I. G. Bryden and S. J. Couch, “How much energy can be extracted from moving water with 27 a free surface: A question of importance in the field of tidal current energy?,” Renew. 28 Energy, vol. 32, no. 11, pp. 1961–1966, Sep. 2007.29 [30] T. A. A. Adcock, S. Draper, G. T. Houlsby, A. G. L. Borthwick, and S. Serhadlıoğlu, “The 30 available power from tidal stream turbines in the Pentland Firth,” Proc. R. Soc. A Math. 31 Phys. Eng. Sci, vol. 469, 2013.32 [31] S. Baston and R. Harris, “Modelling the hydrodynamic characteristics of tidal flow in the 33 Pentland Firth,” in 9th European Wave and Tidal Energy Conference, 2011, p. 7.34 [32] V. Ramos and G. Iglesias, “Performance assessment of tidal stream turbines: a parametric 35 approach,” Energy Convers. Manag., vol. 69, pp. 49–57, May 2013.36 [33] T. Nishino and R. H. J. Willden, “The efficiency of an array of tidal turbines partially 37 blocking a wide channel,” J. Fluid Mech., pp. 1–11, Aug. 2012.38 [34] C. C. Mei, “Note on tidal diffraction by a coastal barrier,” Appl. Ocean Res., vol. 36, pp. 22–39 25, Jun. 2012. 
A
C
C
E
P
T
E
D
M
A
N
U
S
C
R
IP
T
